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(54) Scanning confocai microscope 

(57) A confocai microscope is based on a low mass 
objective (5, 2) that is driven in one or more axis, with 
at least one of the axes being driven by a low mass de- 
vice (6) to provide mechanical scanning of the objective. 
The scanning mechanism has a low resonance so as to 
allow the scan length, rate, and range to be easily var- 



ied. Control of the objective's position can be either open 
or closed-loop servoed. The position of the objective can 
be determined in open-loop systems by calibration, by 
an internal reference signal coupled with a timing sys- 
tem, or via a means for an absolute or relative determi- 
nation of the objective's position. 
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Description 
Background of the Art 

Field of the Invention 

This invention relates to confocal microscopes 
which detect light reflected or emitted from a sample. 
This invention also relates to scanning confocal micro- 
scopes which provide high quality images at relatively 
low cost, and which can scan samples in at least one 
axis using a moving objective lens. 

Background of the Invention 

Confocal microscopes have been known at least in 
the literature since the 1950's. These microscopes use 
a visible originating radiation source (although some 
configurations may now use infrared [IR] or ultraviolet 
[UV] radiation) which is directed to a beam splitter. The 
beam splitter directs a portion of the radiation from the 
source to a collimating lens, which further directs the 
radiation towards an objective lens. The radiation pass- 
ing through and focused by the objective lens converges 
on a focal point. When there is an object at or about the 
focal point, the focused radiation is reflected back 
through the objective lens and the collimation lens to- 
wards the beam splitter. A further reduced portion of the 
reflected radiation which has passed a second time 
through the objective lens and collimating lens passes 
through the beam splitter and is detected by a detector 
such as a semiconductor, photovoltaic sensor or large 
area detector. The radiation emitting source for the orig- 
inating radiation may be any source which is capable of 
producing collimated radiation or which may be suffi- 
ciently colltmated by the collimating lens to provide suf- 
ficient coherency to provide resolution to the image, 
consistency to the quality of the reflection from an object 
at the focal point and transmission to the detecting de- 
vices after the second pass through the beam splitter 
Although these devices are of high quality and effective- 
ness in the marketplace, they are relatively expensive 
and have significant limitations in their utility which the 
present inventors have determined is at least in part a 
result of the weight and size of Internal components. 

The objective lens in commercial confocal micro- 
scopes have traditionally consisted of the higher cost 
and higher quality quartz lenses, which have significant 
mass (tending to be at least 20 grams and as much as 
50 grams for the lens itself). The lens is moved relative 
to the target at the focal point by either gross movement 
of the microscope (with a fixed focal length), movement 
of the object target (again with a fixed focal length), by 
movement of the objective lens (changing the focal 
length), or combinations of these procedures. In those 
situations where the objective lens is to be moved, the 
control over the movement, and more importantly the 
identification of the amount of the movement and its po- 



sition within the microscope system, is effected by a 
closed loop system of voltage regulation to coils or pie- 
zoelectric devices attached to the objective lens. 
Changes in the voltage/current to the coils causes them 

5 to move in a predetermined direction to shift the position 
of the objective lens. There are two or more coils (or sets 
of coils) attached to the objective lens to control move- 
ment of the lens in two or more axial directions. The two 
most important directions are 1 ) parallel to the incoming 

10 radiation from the columnating lens and 2) at least one 
of the two axes perpendicular to the direction of the ra- 
diation from the columnating lens. Direction 2) tends to 
be fixed (i.e. , it is essentially parallel to the surface being 
scanned and can not readily move within the plane of 

IS lines or directions perpendicular to the radiation moving 
through the columnating lens) and is a single fixed di- 
rection often defined as the scanning direction relative 
to the object or target. The position of the focal point and 
the objective lens is estimated by the current/voltage 

20 provided to the coils. This has been sufficient for the ac- 
curacy needed in the confocal microscopes, but is not 
stable in its realistic accuracy. The response of the coils 
changes with time, the accuracy of the voltage/current 
readings change with time, the initial position of the ob- 

2S jective lens may shift from impact or vibration, and other 
physical changes in the system alter the performance 
and accuracy of the determination of the position of the 
objective lens and focal point. In many systems, this is 
not necessarily a problem, as where in profilometers it 

30 Is the relative variations in the surface which are impor- 
tant and not necessarily the actual position on a surface 
which is the primary interest of the obsen/er. 

In simple terminology, confocal microscopes use a 
detection method that preferentially measures light that 

35 Is emitted (e.g., by phosphorescence or fluorescence) 
or reflected near the focal point of a beam of light. This 
is typically done by detecting reflected light which is re- 
turned through the same objective lens that originally 
projects a light beam at a target or object and subse- 

40 quently measuring a portion of the returned light which 
follows or retraces a portion of the beam path of the il- 
lumination source after it has passed through a beam 
splitter. Microscopic images can be created by scanning 
either the beam or the sample through two or three axes 

45 while measuring signal intensity. Confocal detection of- 
fers greatly improved vertical resolution and clarity com- 
pared to conventional microscopy The limitations of 
. confocal microscopy are that the image is acquired by 
physically moving the focal point over or through a sam- 

50 pie, which is generally a slow and often an optically com- 
plex process when compared to conventional optical mi- 
croscopy. Much of the complexity In a confocal micro- 
scope is in moving the focal point. Moving the focal point 
by scanning the light beam can be accomplished either 

55 by moving pinholes or by deflecting the beam before the 
objective lens. Confocal microscopes based on 
scanned pinholes or aperture are commercially availa- 
ble. These types of confocal microscopes are readily 
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adapted to use much of the optics in a conventional op- 
tical microscope. An alternative approach that achieves 
the same result is to fix the pinhole and scan the beam, 
illuminating the object or target in an arc, pattern or line 
form within one plane or two dimensions. Both the 
scanned beam and the scanned pinhole approaches re- 
quire expensive objective lenses to provide a wide field 
of view with near diffraction limited resolution. In many 
cases, these confocal microscopes also preferably use 
expensive polarization preserving objective lenses to 
provide high signal throughput. 

Another approach for achieving a scanned focal 
point in a sample Is to scan the object or target co-line- 
arly with the beam of light while the beam and pinhole 
are fixed in at least one scan axis. The other axes of 
motion are provided by either moving the sample, or the 
optical assembly, or both. This type of approach is ex- 
emplified in US Patents 5.179.276 and 4.863.252. All 
degrees of motion can also be provided through either 
the optical assembly, the sample, or a combination of 
the two. The latter two approaches have limited utility 
due to the mechanics of rapidly and accurately moving 
the samples and optical assemblies to provide two or 
three dimensional innages. Resonant scanning of the 
objective can be used in some devices, although reso- 
nant systems are usually at a fixed frequency and are 
limited in their ability to pan over large sample areas. 

The above approaches to confocal microscopy are 
typified as being inherently bulky and complex. 

Italian Patent No. 1203297, published on February 
1 6, 1 989 describes a profilometer for measuring the pro- 
file of a surface using a confocal distribution of optical 
assemblies (e.g., radiation source 3, collecting lens 8, 
beam splitter 5, spatial filter 9, and photoconverter 6). 
The position detector 1 4 for determining the instantane- 
ous position of the lens 4 merely indicates electrical sig- 
nals sent to a piezoelectric device 25a and 25b to oscil- 
late the lens 4. The signal may be indicated by a poten- 
tiometer 27 with an indicator needle 27a. There is no 
collimating lens before the beam splitter, the lens oscil- 
lates to create movement of the focal point, single direc- 
tion variation of the lens is provided (Figure 2, device 12 
for moving lens 4 parallel to its optical axis. 

Keyence Corporation of America, 50 Tice Blvd., 
Woodcliff Lake, N.J. 07675 markets a displacement me- 
tering device LT-8110 laser displacement meter note- 
worthy for its long working distance in the operation of 
its focal point. The device has a light emitter, beam split- 
ter, objective lens and finishing optical unit (in that se- 
quence in the operation of the microscope). Light reflect- 
ed off the target passes back through the finishing optics 
and the objective lens, to be broken into two paths by 
the beam splitter. One path continues essentially linear- 
ly to a light detection unit (e.g.. photodetector) and the 
other path is deflected to another sensing unit whose 
operation Is not understood. The working distance for 
the focal point is between about 1 0 and 28 mm, which 
would be quite large for a confocal microscope. This 



large working distance appears to be possible because 
of a relatively large focal length for the objective lens as 
compared to the diameter of the objective lens. This 
means that the effective F-n umber of the system is large 

5 (e.g., about 2). Lens systems with large F-numbers 
have larger spot sizes (when focusing emitted radiation) 
and larger depths of field. Larger spot sizes tend to de- 
crease the resolving power of the system, which is con- 
sistent with the Keyence device advertised as providing 

10 about a 2 micron diameter laser beam (effectively defin- 
ing the resolution of the system as comparable to about 
2 microns). The Keyence microscope also is shown in 
the literature to have the objective move in only a single 
axis (the axis parallel to the laser beam). It is possible 

15 that the lens is moved in an arc, but this is still single 
direction control, without the capability of independent 
movement along at least two axes. The finishing optical 
unit appears to enhance the large working distance in 
this microscope by adjusting the angle of the radiation 

20 after it has passed through the objective lens. 

Brief Description of the Invention 

The present invention describes a confocal micro- 

25 scope having a radiation source, beam splitter, converg- 
ing lens, objective lens, and radiation detector capable 
of recognizing radiation which Is reflected or emitted 
from an object at the focal point of the objective lens, 
the confocal microscope having means therein to con- 

30 trollably move the objective lens and the focal point of 
the objective lens through a surface area of at least 0.35 
mm^ or a volume of at least 0.25 mm^. This area or vol- 
umetric scanning of the focal point is effected by having 
at least one or two means for moving the objective lens, 

35 a first means of said at least two means able to move 
the objective lens along a first axis, and a second means 
of said at least two means capable of moving the objec- 
tive lens along a second axis which is not parallel to said 
first axis (this second axis is preferably perpendicular or 

40 orthogonal to said first axis). The position of the lens is 
also preferably identified by a physical sensing means 
which identifies the actual position of the objective lens 
rather than merely measures current/voltage applied to 
moving means attached to the objective lens. 

45 

Brief Description of the Figures 

Figure 1 shows a typical optical configuration used 
in the Invention; and 
60 Figure 2 shows an electromagnetic scanning as- 
sembly for the microscope objective. 

Detailed Description of the Invention 

55 The present invention describes a compact confo- 
cal microscope utilizing a low mass objective lens ( and 
therefore capable of using a low mass drive system for 
the objective lens) which is driven by a high speed drive 
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characterized by low mechanical resonance which drive 
can move the lens in at least one and preferably two 
dimensional space (preferably independently along two 
distinct axes, more preferably where the at least two ax- 
es are each orthogonal to each other) so that the focal 5 
point of the lens can sweep or determine a plane or a 
volume by its movement. By low mass objective lens is 
meant a lens having a weight of less than 2.0 grams, 
preferably less than 1 .5 grams, more preferably a mass 
of less than 1 .0 grams, and most preferably a mass be- 
tween 0.05 and O.B grams, most preferably less than 0.3 
grams. The actual weight of the objective in the present 
preferred construction is 0.13 grams. The present mi- 
croscope can be compact, lightweight, have good spa- 
tial resolution, have low power needs, and have a simple 
optical design. The weight of the preferred drive source 
(including coils, flexible support material, plastic frame 
and the objective was 1 .9227 grams. A preferred weight 
range for an entire drive source would be from about 1 
to about 5 grams. The basic configuration of the com- 
ponents, 1-10, of the microscope (not shown) is shown 
in Figure 1. Light 11 is provided by a source such as a 
laser diode 1 , with the optical power being regulated by 
a feedback system driven by photodetector 2. A portion 
12 of the radiation output 11 of the optical source 1 is 
reflected by the beam splitter 3 and is collimated by lens 

4. The continued movement of that portion 12 of light 
12a is focused by a low resonance, low mass movable 
objective lens 5 which may be supported by flexible ma- 
terial (not shown). The objective lens 5 is translated by 
a driver 6. When a portion of the sample 7 (target or 
object) is within the focal point 13 of the objective lens 

5, light 14 returns to the beam splitter 3 along path 14, 
14a, 14b. Afraction 14c of the incident returned light 14 
illuminating the beam splitter 3 passes through to lens 
8 and is focused onto a pinhole aperture 9. The amount 
or intensity of light detected by detector 10 is related to 
the distance from the focal point 13 to a reflecting or 
emitting portion of the sample 7 in line with the beam 
axis (not shown). Figure 2 illustrates a low resonance 
movable objective lens 21 supported by a flexible ma- 
terial 25, driven in two axes of motion by a set of elec- 
tromagnetic voice coils 22 and 24 interacting with per- 
manent magnets 23 on the fixed portion of the optical 
assembly. Figure 2 shows a system capable of moving 
the focal point in a direction co-linear with the beam 
path, and in one direction perpendicular to the beam 
12a. Alternatively, the objective can be driven in one, 
two, or three axes by low resonance scanning systems, 
with the motion of other axes being provided by high res- 
onance or low resonance drives translating either the 
objective-scanner assembly, the sample, or both. 

The confocal microscope of the present invention 
can be characterized by its ability to provide unique at- 
tributes to the optical capacity of the system. The micro- 
scope can be provided with a short working length (e. 
g., between 0.1 and 5 mm, preferably between 0.1 and 
2 mm) while providing high resolution of less than 1 mi- 
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crometer spot size, preferably less than 0.75 microme- 
ters and most preferably less than 0.5 micrometers spot 
size (resolution). The microscope of the Invention can 
be provided with the ability to move the objective lens 
independently along at least two distinct axes, with in- 
dependent movement along at least two orthogonal ax- 
es. 

The resonance of the objective lens and drive sys- 
tem is defined by a mechanical quality factor 'Q'. Q is 
defined as the number of oscillations required for the 
amplitude of the objective lens (in one axis) to drop to 
1 /e of the maximum amplitude of the oscillation after the 
drive signal Is removed. In this system. 'Q' is measured 
by producing a steady state oscillation using an appro- 
priate drive signal. The amplitude of the scan is meas- 
ured, then the drive signal is removed. The Q is the 
number of oscillations required for the amplitude of the 
scan to be reduced to 1/e of the scan length when driv- 
en. The resonance Q of at least one axis of the scan 
should be less than 1 0, preferably less than 5, and most 
preferably less than 2. For further example, assume that 
a sine wave provided by a function generator is used as 
the drive signal for one voice coil that is providing motion 
of the objective lens in one axis. The sine wave is a 2Hz 
wave having a peak-to-peak amplitude of 1 .8 volts. The 
resultant amplitude in the oscillation of the objective lens 
is 1.5 mm peak-to-peak. When the drive signal is re- 
moved, the oscillation drops to 0.552 mm in less than 1 
oscillation. In this case, the Q of the system (0.552/1.5) 
is less than 1 . 

As noted above, the f-number for the Keyence sys- 
tem appears to be about 2. The t-number is well under- 
stood in the art to be defined as the focal length of the 
lens divided by the clear aperture diameter The spot 
size and the depth of field of the focal point are closely 
related to the f-number of the objective lens. The larger 
the f-number, the larger the spot size and the depth of 
field. A large spot size would be undesirable for a mi- 
croscope, reducing resolution. The Keyence displace- 
ment device described above is designed to have a 
large working distance. To provide this feature, a large 
f-number objective lens is required which sacrifices res- 
olution in favor of an increased spot size. It appears, 
although it can not be authoritatively stated without dis- 
assembly of the Keyence confocal microscope, that the 
objective lens is no greater than 5 mm and the objective 
lens has an f-number of no less than 2. In the present 
invention, the f-number of the system is preferably less 
than 1.5, more preferably less than 1.25 and still more 
preferably less than 1 .0. The f-number of the actual 
working model of the confocal microscope of the present 
Invention is 0.936. A benefit of the present construction 
is to have the maximum resolution possible within a 
scannable volume of about 3.5 cubic millimeters and 
therefore the relatively large f-number is unacceptable 
for that system. 

A surface can be profiled in two or three dimensions 
by either sampling the full area of a rectangular slice or 
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a full volume. Alternatively, the low mechanical reso- 
nance design of the microscope allows an objective lens 
to operate with a reduced amplitude of oscillation and a 
higher oscillation rate. The oscillation which occurs in 
the practice of the present invention is the movement of 
the focal point (by way of movement of the means for 
moving the objective lens and the resulting movement 
of the objective lens) within the boundaries of its ability 
to move. The oscillation does not have to be between 
the absolute extremes of the limits of movement of these 
elements (the moving means, the objective lens and the 
focal point), although the oscillation may include either 
or both extreme ends of the movement range. The 
movement may be narrowly within the limits of the range 
of movement based on estimates or actual measure- 
ments (taken in real time on the fly during operation of 
the microscope) of the variations in the surface of the 
target or object being examined. In this manner, the time 
required to scan a surface can be reduced by scanning 
a specific area or volume containing a region of interest. 
The oscillation of the foca! point can be approximately 
centered on the surface of the sample by applying an 
offset current to the driver, providing an oscillation force 
to the objective lens, or by providing a translation in the 
axis of the oscillation of the focal point by either moving 
the objective assembly or the sample. The proper value 
of the offset current or translation of the sample or ob- 
jective assembly can be determined from the difference 
between a determination of the position of the surface 
of the sample by photodetector 10 during oscillation of 
the objective lens and the position that represents the 
center of the scan. The proper value of the offset current 
can also be determined by a lower resolution mapping 
of the profile of the surface, computing a predicted prop- 
er value of the offset current for a number of positions 
over the scan area of interest, and providing the offset 
current to the driver. A low resolution map of the surface 
can be generated by fixing the objective lens at a fixed 
position in the focus axis while rapidly raster scanning 
the surface of a sample and determining positions 
where the sample's surface is in focus. By sequentially 
moving the objective lens to a new position and scan- 
ning the surface again (and repeatedly over the range 
of movement of the objective lens or until surface values 
have been determined for the entire surface), a contour 
surface can be generated. The predicted surface can 
be used in subsequent high resolution scans by using 
interpolation of the contour surface to calculate the prop- 
er offset current for the oscillating objective lens. In cas- 
es where the prediction is incorrect or not within the de- 
sired tolerances for the generated data and the focus is 
not detected within the scan length, the oscillation am- 
plitude can be increased as required, and, if necessary, 
the area of interest can be rescanned. 

The scanning of the objective lens does not have to 
be in orthogonal axes. For example, the objective lens 
may be mounted such that the lens oscillates in an arc. 
This may be the preferred mode since this motion can 



be easily provided with mountings possessing a low me- 
chanical hysteresis. 

The position of the focal point when an In-focus sig- 
nal is provided by photodetector 10 can be determined 

5 by the relationship in timing between the driver current 
or voltage being provided to the driver and the in-focus 
signal. The mathematical relationship between the driv- 
er current or voltage, the in-focus signal, and the calcu- 
lated value for the position of the focal point can be ob- 

10 tained by simple prediction or by previous calibration 
and the use of a look-up table. The accuracy of the cal- 
culation of the position of the focal point can be further 
improved by a reference signal provided by the scan of 
the focal point. For example, the position of a window 

?5 interposed between the microscope objective lens and 
the sample can provide a set of in-focus reference sig- 
nals for every oscillation of the objective lens, and the 
time between the reference signal and the in-focus sig- 
nal from the sample can be used to calculate the position 

20 of the sample from the reference window. The reference 
signal is not required for every oscillation of the objec- 
tive, for example, the window can be used to provide 
calibration data for the relationship between the phase 
of the drive current and the oscillation of the objective 

25 lens only on a periodic basis. 

Other means than pinhole detection for determining 
the positional relationship between the focal point of the 
objective lens and a surface may be used. For example, 
means for determining focus commonly used in com- 

30 pact-disk players may be utilized. In this case, the signal 
detected by the focus sensing photodiodes will be sub- 
stantially more complex than with a pinhole detector. In 
spite of this complexity, the focus positions may be de- 
termined by analyzing the rate of change in the detected 

35 signal. A common system for determining the focus po- 
sition in compact disks is an astigmatic lens imaging the 
light reflected by the surface of the sample onto a quad- 
rilateral photodetector. An in-focus condition is indicated 
by a peak in the first derivative in the difference of pho- 

40 todetectors (A+B)-(C+D), where A:B and C:D detector 
pairs are each diagonals on the quadrilateral photode- 
tector. The focusing methods used in compact disk play- 
ers allows the surface to be identified during the scan- 
ning of the objective lens. The use of a quadrilateral fo- 

45 cus detector also allows a surface to be folbwed during 
a lateral scan, where the position of the objective lens 
Is maintained at a constant distance from the surface 
during the scan. In this case, the output of (A+B)-(C-»-D) 
will be used to provide error information to continuously 

so correct the position of the objective lens. The absolute 
position of the lens can be recorded during a one or two 
axes lateral scan, allowing the profile of the surface of 
the sample to be generated from the measured or cal- 
culated position of the objective lens determined in an 

55 array of lateral positions during the scan. There are also 
limitations to the use of the quadrilateral detection 
schemes. A rapidly changing topography in the surface 
can be difficult to track with that system. Cerfain types 
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of surface geometry can cause false positive signal de- 
tection because of light reaching the detector which Is 
not at the focal point of the objective lens. The quadri- 
lateral detection system also tends to be more suscep- 
tible to optical noise and stray light than a pinhole de- s 
tection system. This is a result of exposure of the quad- 
rilateral detector to an unisolated optical environment. 
Additionally, the quadrilateral detector systems which 
may be modified for use in the present system do not 
create an image and are not used for resolving an image io 
or even measurably detecting changes in a surface. The 
quadrilateral detection systems maintain focus of a 
beam at a specific distance onto a surface for purpose 
of reading programmed information off that surface. The 
quadrilateral detector is not reading the beam itself for is 
information, but merely reading the quadrilateral spread 
of the beam to maintain a specific distance relationship 
between elements in the compact disk system. 

The position of the objective lens has to date been 
determined by prior calibration between the drive cur- 20 
rent and the lens position, via the timing methods dis- 
cussed above, or may be much more accurately and 
consistently measured by absolute measurement of the 
lens position. Methods for determining the absolute po- 
sition of the objective lens includes capacitive detectors, 2S 
direct or indirect light sources mounted on the objective 
lens and illuminating a one or two axis position sensing 
diode, or an optical interferometric system. Methods for 
Indirectly illuminating a position sensing diode includes 
attaching a pinhole or small mirror directly onto the ob- 30 
jective lens' mounting. The pinhole or mirror is illuminat- 
ed with a fixed source of light such that the illumination 
is provided over the entire scan dimension or dimen- 
sions. Light selected by the mirror or pinhole will may 
illuminate a position sensing photodiode, which in turn, 35 
provides a signal proportional to the displacement of the 
beam in one or two axes. This displacement will corre- 
spond to changes in the position of the objective lens. 
Acquisition of the signal from the position sensing diode 
may be simplified by pulsing the illuminating light when 40 
a measurement is required. This may simplify the timing 
of the sample-and-hold circuits used for digitization of 
the signals. Using pulsed lights will also result in a gen- 
erally higher potential signal-to-noise ratio in the signal 
detection for the same average power light source. ^5 

Interferometric measurement systems may be inde- 
pendent of or coupled with some of the optics in the con- 
focal microscope, using for example, the same laser di- 
ode and beam splitter as the microscope. In the coupled 
application, a surface portion (near or at. and attached so 
to or part) of the objective lens illuminated by the laser 
diode will reflect the light such that the reflected light will 
interfere with light provided by a reference mirror The 
modulated light emitted by the beam splitter can be de- 
tected by a photodetector and used to determine the ab- ss 
solute position of the objective lens during a scan. 

The preferred driver of the objective is an electro- 
magnetic voice coll. Voice coils can provide a driver with 



low mass for the portion of the driver rigidly connected 
to the objective lens. The drive current for the voice coil 
can range from a simple sine or square wave to a wave- 
form optimized so that the scanned objective lens is at 
a constant velocity for a maximum fraction of the total 
scan time. An example of such an optimized waveform 
is pulsed current applied to the driver to reverse the scan 
direction and little or no current applied to the coil during 
the portion of the scan wherein measurement occurs. 
Other drivers such as piezoelectric or electrorestrictive 
elements are also suitable for this invention. 

The mass of the objective lens and the portion of 
the mechanical driver rigidly attached to the objective 
lens should be of low mass. Preferably, the combined 
mass of these two portions should be under 5 grams for 
an acceptable combination of drive power and total 
mass of the microscope. Most preferably, the mass of 
the objective lens and attached driver will have a mass 
of under 3 grams. 

Example 

This example was used to determine the usefulness 
and accuracy of having a reference signal generated by 
a relatively thin, (compared to the focus scan amplitude) 
transparent object, i.e. cover glass window, transparent 
polymer film, and the like, placed between the sample 
being scanned and the moving objective. An in-focus 
signal that corresponds to a reference signal will be gen- 
erated when the focal point of the laser beam is on either 
surface of the reference object. Hence, up to two refer- 
ence signals will be detected before the data signals and 
then up to two reference signals will be detected after 
the data signals. 

A Sony model KSS-240a CD player optical head 
(having a quadrilateral detection unit) obtained from a 
Sony model CDP-31 1 compact disk player was modified 
such that motions of the objective lens in the axis of the 
laser beam, i.e. the focus axis, were driven by a 2 Hz 
triangle waveform. The amplitude of the waveform 
caused the objectives amplitude of motion to be 2 mil- 
limeters, therefore the depth of field dunng this particu- 
lar experiment was also 2 millimeters. A 15 micron thick 
transparent polymer film was placed between the objec- 
tive lens and a sample of aluminum foil, such that the 
surface of the polymer film was perpendicular to the axis 
of the laser beam. In-focus signals were detected by the 
quadrilateral detection unit attached to the optical head. 
These signals were then amplified and acquired then 
digitally stored in a computer. A plot of the stored data 
clearly showed the expected two reference signals fol- 
lowed by two data signals followed once again by two 
reference signals. The reference signals were denoted 
by their spacing on the plot, which is indicative of the 
thickness of the plastic film. The data signals also had 
lower intensity due to lower reflectivity of the plastic film 
compared to the aluminum foil. To gain a more precise 
sense of where the in-focus signals were, the first de- 
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rivative of the data was also plotted. This plot showed 
the most rapid rate of change in the data to be at the in- 
focus positions. 

During this experiment, the amplitude of the objec- 
tive lens' motion was lowered to .5 millimeters and the 
plastic film was replaced with a 1 millimeter thick silica 
window. A dc bias voltage was then applied to the 2 Hz 
triangle waveform to offset the center of the objectives 
motion, thereby enabling the focal point to be placed on 
either side of the window and generating only one in- 
focus signal. The microscope can utilize this bias volt- 
age to follow a surface of a sample, or to view at a se- 
lected depth within a sample. 

The confocal microscope of the present invention 
has been discussed primarily for its use as a purely mi- 
croscopic tool. It does have direct application in other 
specific environments, such as mapping surface irreg- 
ularities in vivos on the eye for use in the ophthalmic 
industry. The presently designed microscope can have 
its forward portions of such small dimensions that it can 
operate within the cavity of the eye fairly easily. Specif- 
ically, the confocal microscope of the present invention 
can provide information about the surface of the eye for 
use with eye corrective surgeries such as Photorefrac- 
tive-Keratectomy (PRK) and pholotherapeutic {keratec- 
tomy. PRK is a laser ablative process which reshapes 
the eye to correct for myopic, hyperopic and astigmatic 
conditions. Information regarding the curvature of the 
eye about orthogonal axes provides a guide to how my- 
opic, hyperopic or astigmatic a specific eye is. This in- 
formation can be used to prescribe a laser treatment that 
is tailored for a specific patient. Information about other 
irregularities and features can be used in other correc- 
tive procedures. 

Another significant potential for this microscope 
would be to have the scanned data on the shape, cur- 
vature and irregularities on the surface of the eye cap- 
tured in data form, used to generate a mold conforming 
to the external measurements and shape of the eye, and 
then having contact lenses molded in that configuration 
for use on the patient's eyes. For example, the data 
could be used with a laser to ablate an exactly config- 
ured lens from a polymer preform lens, the data ob- 
tained from the confocal microscope of the present in- 
vention being used to precisely shape the lens accord- 
ing to the precise data obtained from the confocal mi- 
croscope. The special features already described for the 
confocal microscope of the invention enables the eye to 
be scanned in specialized (optimized) ways. The scan- 
ning pattern does not have to be in an orthogonal (raster 
repeated) manner. The focal point, because of the mul- 
tiple axes controls, can be moved in a circular or spiro- 
graphic pattern to minimize scan time. Multiple scans by 
these various methods may be used, the data com- 
pared, and a more accurate mapping effected by an av- 
eraging of the two or three different methods (e.g., cir- 
cular, spirographic, raster scanning). 

As newer technologies become commercially avail- 



able, such a blue semiconductive laser diodes, fluores- 
cent microscopy and other assemblies where infrared 
radiation could be undesirable can be configured. 
It is commonly understood in the ophthalmic indus- 

s try that the use of ablateable masks with the PRK pro- 
cedure has significant advantages over current beam 
shaping techniques. An ablateable mask can be used 
to change the total distribution of energy to which the 
eye is exposed during the PRK procedure. To reshape 

10 the eye (e.g., change the overall curvature of the surface 
of the eye), various regions of the eye need to be ablated 
in a precisely defined manner and degree. For example, 
if the patient is myopic, the radius of curvature of the 
cornea is too small. To correct this condition with PRK, 

15 more material needs to be ablated from the center of the 
eye than from the surrounding areas. This effectively 
flattens the eye and increases the radius of cun/ature of 
the cornea. A similar procedure is effected with an ex- 
panding aperture or iris which exposes the center of the 

20 eye to more radiation than the surrounding tissue with 
a given number of laser pulses. In the present technol- 
ogy using a mask, the mask is differentially ablated or 
is proportionally thinner as needed for selective ablation 
of the mask and surface of the eye. 

2S Information data from the present microscope can 
be used to map the surface of the eye with sufficient 
exactness as to enable ablative mask design and con- 
tact lens design. 

30 

Claims 

1 . A confocal microscope comprising: 

35 an illumination source (1) producing a light 

beam (1 2) along a preferred optical axis; 
a low mass objective lens (5, 21 ) scanned in an 
oscillating manner in at least one dimension by 
a mechanical drive (6); 

40 the objective lens focusing the beam to a focal 

point (1 3) into a volume which Is accessible to 
a sample (7); 

the optical aperture of said objective lens being 
at least partially filled by said light beam during 

45 at least a portion of said scan; 

a beam splitter (3) that diverts at least a portion 
(14c) of the light reflected or emitted from said 
sample along said optical axis; 
a means (10) for detecting said emitted or re- 

50 fleeted light originating proximate to said focal 

point and diverted by said beam splitter; 
and means to record the signal from said de- 
tection means and a value related to the posi- 
tion of said objective lens. 

55 

2. The microscope of Claim 1 , wherein at least one 
axis of motion of said scanner is provided by an 
electromagnetic coil (22, 23) which is provided with 
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a drive current and interacts with a stationary mag- 
netic field. 

3. The microscope of Claim 1, wherein at least one 
axis oi motion of said scanner is provided by a pie- s 
zoelectric actuator. 

4. The microscope of any preceding claim wherein 
said mechanical drive has a mechanical resonance 
defined by a mechanical quality factor Q which is 
less than 5. 

5. The microscope of any preceding claim wherein 

said means for detecting said reflected or emitted 
light comprises an astigmatic focusing lens (8) fo- 
cusing said reflected or emitted light onto a set of 
four photodetectors configured in a quadrant array 
so as to allow measurement of the proximity of said 
focal point to said sample surface. 

6. The microscope of any of Claims 1 to 5 wherein said 
means for detecting said returned light comprises a 
focusing lens (8) focusing said reflected or emitted 
light onto a pinhole (9) and said pinhole covers a 
photodetector (10). 

7. The microscope of any preceding claim wherein the 
position of the said objective lens is determined by 
attaching a direct or an indirect light source to the 
objective lens such that movement of the said ob- 
jective lens in one or two axes causes a correspond- 
ing change in the mean location of light illuminating 
a position sensing photodiode, and a relationship is 
determined between the signal from the said pho- 
todiode and the position of the objective lens. 

8. The microscope of any of Claims 1 to 6 wherein the 
position of the said objective lens is determined by 
optical interference between the said objective lens 
and a reference beam. 

9. The microscope of any preceding claim wherein the 
motion of the said objective lens occurs in an arc in 
at least one scan axis. 

10. A method of operating a microscope comprising: 

a) providing a confocal microscope comprising 
an illumination source producing a light beam 
along a preferred optical axis; 

a low mass objective lens scanned in an 
oscillating manner in a least one dimension 
by a mechanical drive; 
the objective lens focusing the beam to a 
focal point into a volume which is accessi- 
ble to a sample; 

the optical aperture of said objective lens 



being at least partially filled by said light 
beam during at least a portion of said scan; 
a beam splitter that diverts at least a portion 
of the light reflected or emitted from said 
sample along said optical axis; 
a means for detecting said emitted or re- 
flected light originating proximate to said 
focal point and diverted by said beam split- 
ter; 

and means for recording the signal from 
said detection means and a value related 
to the position of said objective lens, 

b) directing said focal point of said objective 
lens at an eye within a patient and 

c) collecting data from signals recorded by said 
detection means to construct a three dimen- 
sional map of an eye. 

11. A method as claimed in Claim 10 comprising the 
further step of using said map to direct a laser in an 
opthalmic procedure selected from the group con- 
sisting of keratectomy, eye mapping and lens man- 
ufacture. 

12, A confocal microscope comprising: 

an illumination source producing a light beam 
along a preferred optical axis; 
a low mass objective lens scanned in an oscil- 
lating manner in at least one dimension by a 

mechanical drive; 

the objective lens focusing the beam to a focal 
point into a volume which is accessible to a 
sample; 

the optical aperture of said objective lens being 
at least partially filled by said light beam during 
at least a portion of said scan; 
a beam splitter that diverts at least a portion of 
the light reflected or emitted from said sample 
along said optical axis; 

a means for detecting said emitted or reflected 
light originating proximate to said focal point 
and diverted by said beam splitter; 
and means for recording the signal from said 
detection means and a value related to the po- 
sition of said objective lens; wherein said 
means for detecting said returned light com- 
prises a focusing lens focusing said reflected 
or emitted light onto a pinhole and said pinhole 
covers a photodetector, the oscillation of the 
objective lens has a smaller amplitude than the 
total range of the measured sample height, at 
least one axis of motion of said scanner is pro- 
vided by an electromagnetic coil which is pro- 
vided with a drive current and interacts with a 
stationary magnetic field, the f-number of the 
microscope is less and 1 .25, and the weight of 
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the objective lens is iess than 0.3 grams. 

13. A method of providing an image comprising: 

providing illumination from a source by produc- 
ing a light beam along a preferred optical axis; 
passing said light beam through a low mass ob- 
jective lens scanned in an oscillating manner in 
at least two dimensions by at least one me- 
chanical drive, said objective lens having an op- 
tical axis, and one of said at least two dimen- 
sions being perpendicular to said optical axis 
or in an arc which passes through said optical 
axis; 

diverting a portion of light which is reflected or 
emitted from said sample along said optical ax- 
is with a beam splitter; detecting said emitted 
or reflected light diverted by said beam splitter; 
and while said objective lens is scanned in an 
oscillating manner in at least two dimensions, 
detecting said signals by detection means and 
collecting data from signals. 

14. The method of Claim 1 3 wherein 

a) at least one of said at least two dimensions 
is an arc in at least one scan axis; 

b) said objective lens is part of an optical as- 
sembly comprising said lens and a mechanical 
drive and said data comprises data obtained by 
moving a focal point of said objective lens 
through an area of at least 0.35mm squared 
without moving said optical assembly; 

c) said objective lens also has a focal point, and 
said oscillation in at least two dimensions 
moves said focal point through a surface of said 
sample and generating only one in-focus sig- 
nal; 

d) said objective lens also has a focal point, and 
said oscillation in at least two dimensions 
moves said focal point through a surface of said 
sample and into said sample generating an in- 
focus signal on more than one surface of said 
sample; 

e) the position of the said objective lens is de- 
termined by attaching a direct or an indirect 
light source to the objective lens such that 
movement or change in the position of the said 
objective lens causes a corresponding change 
in the mean location of light illuminating at least 
one position sensing photodtode, and a rela- 
tionship is determined between the signal from 
the said photodiode and the position of the ob- 
jective lens; 

f) said objective lens is part of an optical assem- 
bly comprising said lens and mechanical drive, 
said objective lens is moved in two or three ax- 
es, and said optical assembly is moved in at 
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least one axis by an electromagnetic voice coil; 

g) said objective lens also has a focal point, and 
said oscillation in at least two dimensions 
moves said focal point along at least one axis 
other than an axis parallel to an optical axis of 
said objective lens, oscillating said objective 
lens parallel to said optical axis with movement 
of the focal point parallel to said optical axis at 
an amplitude of uscillation which is less than 
the boundaries of movement of said focal point 
to move parallel to said optical axis; 

h) said image comprises a contour map of a 
surface; or 

i) repeated scanning of a surface provides an 
image comprising a contour map of said sur- 
face. 

15. The method of Claim 14 wherein in subsection b) 
data is obtained without moving said sample but by 
moving said objective lens and said optical assem- 
bly. 

16. The method of Claim 14 wherein in subsection g) 
said oscillating parallel to said optical axis is per- 
formed at a frequency greater than the frequency 
of oscillation when scanning at the boundaries of 
movement of said focal point or wherein said fre- 
quency of oscillation when scanning at the bound- 
aries of movement of said focal point are the mini- 
mum frequencies which can be provided by said 
mechanical drive. 
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